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Abstract-Experiments are performed to quantify the effects of a bend on the pressure distributions and 
friction facton in a straight t&e situated downs&m of a bend. Results are rep&ted for parametric values 
of the Revnolds number (5ooo-8oooO~. bend turn anak (0. 90. and 180 deal. and the flow deliverv 
co&gw&on at the inlet df the bend (&her a hydrod$&idev&opment tub;;& a sharp-edged inletj. 
The 0 deg turn angle corresponds to the no-bend case, which se~yes as a baseline against which the with- 
bend cases are compand. It is found that the substantial circumferential pressure variations which exist in 
a bend dissipate almost immediately when the tlow passes from the bend into the downstream-positioned 
straight tube. With the bend in place, the axial pressure gradients in the entrance region of the tube are 
smaller than the fully developed gradknts at the lower Reynolds numbers and larger at the higher Reynolds 
numbers. A kngthwke-linear pressure variation is attained for all cases at an axial distance of 20 diameters 
or kss from the tube inlet. Compared with the measured n&end baseline values, the fully developed with- 
bend friction factors display deviations no greater than 9%, but with larger deviations (up to 18%) when 

compared to straight-tube correlations from the literature. 

1. INTRODUCTION 

WHEN A straight circular tube is fed by the fluid flow 
discharged from a bend, the velocity field at the tube 
inlet consists of secondary motions superposed on the 
main axial fiow. Within the tube, the complex inlet- 
section velocity field undergoes a redevelopment, and 
it is expected that at sufficient downstream distances, 
a fully developed pipe flow will be established. The 
ramifications of the bend-induced velocity field on the 
turbulent’ heat transfer and pressure drop charac- 
teristics of a tube situated downstream of a bend were 
the subject of a two-part investigation. The heat 
transfer aspects of the work are reported in ref. [ 11, 
while pressure distributions and friction factors are 
reported here. The introduction to ref. [l] describes 
the phenomenological background of the problem, and 
that same discussion applies here. With ref. [l] as 
background, full attention can be given here to the 
specifics of the pressure drop investigation. 

The plan of the research was formulated so as to 
vary the velocity field provided by the bend to the 
downstream-positioned tube. This was accomplished 
by varying two parameters. One of these is the bend 
turn angle. The other is the flow condition at the 
inlet of the bend. These parameters may be clarified 
by reference to Figs. l(a) and (b), which por- 
tray schematic diagrams of the investigated physical 
situations. 

In Fig. l(a), airflow was delivered to the bend 

through a 30-diameters-long hydrodynamic develop- 
ment tube. In this case, the air entering the bend 
was hydrodynamically developed. In contrast, Fig. 
l(b) models the situation where fluid from a large 
upstream pknum is drawn into the bend through a 
sharp-edged inlet. As shown in Fig. l(b), a large baffle 
plate was used to create this type of bend inlet con- 
figuration. It is well known that flow separation occurs 
at a sharp-edged inlet. The two types of bend inlet 
conditions are, therefore, quite distinct. For bends of 
moderate length, such as those considered here, the 
differences in the bend-inlet velocity field should be 
felt at the bend exit and, hence, at the inlet of the 
straight tube downstream of the bend. 

The bend turn angle is defined by the angle 0 dis- 
played in Figs. l(a) and (b). For each of the afore- 
mentioned bend inlet conditions and for each air tlow 
rate de&red by the Reynolds number, the turn angle 
parameterixation was extended through the range 0, 
30, 60, 90, and 180 deg. Note that the 0 deg case 
corresponds to the absence of the bend, so that it 
provides a base case against which the pressure and 
friction factor data for the other bend angles can 
be compared. In addition, the base case results are 
compared with available pipe flow results (without 
a bend) with a view to validating the experimental 
apparatus and measurement technique. Recause of 
space limitations, only the results corresponding to 
bend turn angles of 0,90, and 180 deg are reported 
here. Those for 30 and 60 deg, as well as complete 

583 
lm s,u 



M. M. Omot et a!. 

NOMENCLATURE 

diameter of test section, bend cross 
section, and hydrodynamic 
development tube 
friction factor, equation (3) 
Blasius friction factor correlation, 
equation (4) 
friction factor for no-bend case 
(6 ?r 0 deg) 
universal friction factor correlation, 
equation (5) 
friction factor for with-bend case 
pressure coefficient, equation (I) 

PX pressure at axial location x 

p, pressure in laboratory ambient 
Re Reynolds number, 4C/wD 
U mean velocity in test section 
3 mass flow rate 
x axial coordinate in test section. 

Greek symbols 
0 bend turn angle 

P viscosity 

P density. 

documentation of the experimental pressure dis- lights the effect of bend turn angle on the pressure 
tribution data, are available in ref. [2]. distributions. 

The Reynolds number was parametrically assigned 
seven values between 5000 and 80000. Results are 
presented here for Reynolds numbers of 5000, $0 000, 
24000, and 80000, with the remainder available in 
ref. [2]. 

All apparatus components along the path of the 
airflow had the same diameter D (and radius R). The 
radius of curvature &of the bend centerline was fixed 
at a value of RJR = 9. 

The friction factors were evaluated using pressure 
data in the downstream portion of the tube-from 
X/D = 20 to 56. These friction factors will be used 
to identify the effects of bend turn angle, bend inlet 
condition, and Reynolds number. Also, as already 
noted, the friction factors for the 0 deg turn angle are 
compared with the literature. 

Static pressure measurements were made at 17 axial 
stations in the tube downstream of the bend in the 
range from XJD = 0 to 56, where X is the axial coor- 
dinate in the tube. At each of the first seven stations 
(i.e. up to X/D = 16), three pressure taps were 
deployed around the circumference. For X/D = 20 
and beyond, only the axial pressure distributions were 
measured. 

Two types of results will be presented-pressure 
distributions and friction factors. The pressure dis- 
tributions are included to show the extent of the cir- 
cumferential variations in the initial portion of the 
tube and the axial development throughout the entire 
tube. A presentation format will be used which high- 

A thorough review of the open literature failed to 
disclose publications dealing with the pressure drop 
characteristics of a straight circular tube downstream 
of a bend, although bends, in themselves, have been 
well researched. Seemingly, the only reported pressure 
~st~bution me~u~rnen~ in a post-bend circular 
tube are those of Ito [3], but these were auxiliary 
data collected to facilitate determination of the bend 
pressure drop. Moreover, post-bend pressure data 
are reported in ref. [3] only for a single case: Re = 
2 x IO’, RJR = 3.7, turn angle = 90 deg, and hydro- 
dynamically developed flow at the bend inlet. This 
single pressure distribution is the only post-bend cir- 
cular tube data quoted in textbooks and survey 
articles [4-6]. Note that the conditions of that data 
set do not overlap the present operating conditions, 
thereby precluding definitive comparisons. For non- 
circular cross sections, square and rectangular, there 
is some available pressure data in the initial portion 
of post-bend ducts [4]. 

(b) Y/, 
FIG. 1. Schematic representation of the two investigated 

bend and tube systems. 

2. EXPERIMENTAL APPARATUS AND 
PROCEDURE 

The pressure test section tube was made of alumi- 
num having an inside diameter of 3.175 cm (1.250 in.), 
a wall thickness of 0.3 I8 cm (0.125 in.), and a finished 
length of 177.8 cm (70 in.), equivalent to 56 tube 
diameters. To remove dirt and burrs, the inside surface 
of the tube was thoroughly cleaned with various 
grades of steel wool. Next, by applying polishing com- 
pounds to the surface, and subsequently rinsing with 
liquid soap and water, the final surface achieved a 
mirror-finished quality. 
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The pressure test section was egujppad wi&a tot&l 
of 3 1 pressure taps deployed at 17 axial stations. The 
locations of the axial stations will be evident from 
the subsequent graphical presentation of the pressure 
distributions. To document the more significant cross- 
stream pressure variations, expected to occur immedi- 
ately downstream of the bend exit, three pressure taps 
were deployed 120 deg apart around the circum- 
ference of the pressure test section tube at each of 
the first seven stations (i.e. up to X/D = 16). Figure 2 
provides a key to the notation describing the cir- 
cumferential locations of the taps. For X/D = 20 and 
beyond, only the axial (position B in Fig. 2) pressure 
distributions were measured. Fabrication of each 
pressure tap was initiated by drilling part way through 
the 3.18 mm (0.125 in.) tube wall with a 2.38 mm 
(3/32 in.) diameter drill bit. The pressure tap was then 
completed by using a number 60 drill bit (0.040 in.). 
Short lengths of 15-gage stainless steel tubing, inserted 
in each hole and epoxied in place, served as pressure 
tap fittings. 

Upstream of the pressure test section tube, bends 
of 0 (no bend), 30, 60, 90, and 180 deg were used. 
These bends were fabricated from plexiglass, and each 
was made up of identical, but separate, upper and 
lower walls. All bends had a cross-sectional diameter 
D equal to 3.175 cm (1.250 in.), identical to that of 
the’pressure test section tube. As mentioned earlier, 
the flow delivery to the bend was either via a hydro- 
dynamic development tube or a sharp-edged inlet. The 
fabrication procedures for the bends and the inlet 
configurations arc described in detail in ref. [2]. 

Downstream of the pressure test section, an exhaust 
tube continued the test section’s 3.175 cm (1.250 in.) 
internal diameter for a length of about 14.5 diameters. 
Thereafter, it was connected to a PVC piping circuit 
via a vinyl hose having an i.d. of 5.08 cm (2.0 in.). 
Various rotameters were used for flow metering 
depending on the magnitude of the flow. After the 
rotameter, the flow passed through a control valve 
and was then ducted to a blower. 

To avoid preheating of the air entering the appar- 
atus, the system was operated in the open-circuit mode 
and in suction. The air was drawn into the apparatus 
from the temperature-controlled laboratory, and the 
compression-heated discharge from the blower was 
vented outside the building through the laboratory 
exhaust system. To eliminate the heat released from 
the blower to the laboratory space, the blower was 
housed inside a well-insulated drum. Proper auxiliary 

B 
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Data collection was initiated by recording the 
rotameter reading, the pressure at the rotameter, the 
air temperature entering the test section, and the baro- 
metric pressure. Next, starting with tap No. 1 and 
following the aforementioned data acquisition pro- 
cedure, the data run continued until pressure measure- 
ments for all the 31 taps were completed. The data 
collected during a pressure run were stored in the 
computer, awaiting later processing. 

FIG. 2. Notation describing the circumferential locations of In addition to their initial readings, data were also 
the pressure taps. collected at the middle and end of the data run for the 

mling for the thusrsndlosed blower ensured its 
safe operation within the manufacturer’s specified 
conditions. 

The pressure distribution in the test section tube 
was measured relative to the laboratory ambient pres- 
sure with electronic capacitance-type pressure trans- 
ducers having pressure differential ranges of 1.10, and 
100 Torr with respective resolutions of 0.0001,0.001, 
and 0.01 Torr. The manufacturer’s specified accuracy 
for all the three sensors was 0.1% of the full scale 

(5 V). 
To deal with the random fluctuations of the static 

pressure during the measurement period, a computer- 
assisted data acquisition procedure was employed. 
For a given tap, prior to the start of data taking, a 
period of 30 s was allowed for stabilization. Then, 
100 consecutive readings were taken by the computer, 
averaged, and recorded as the pressure reading for 
that tap. With a sampling rate of 20 readings/s for 
the data acquisition board, it took 5 s to collect the 
100 readings. To establish the aforementioned meth- 
odology, several pressure measurement tests were 
carried out at a random selection of taps and by vary- 
ing the total number of pressure readings at each tap 
from 100 to 1000 with an increment of 100 (correspond- 
ing measurement times ranging from 5 to 50 s in 
increments of 5 s). This yielded 10 data sets (e.g. 100, 
200,. . . , 1000 readings). The averages for each of these 
10 data sets were compared and found to vary within 
-0.5 to 0.3% from the base cast of 100 readings in 5 s. 
Furthermore, for a given tap, the maximum variation 
among individual readings for all sets (100-1000 read- 
ings) was less than 0.9%. These findings provided 
justification for choosing a 30 s stabilization period 
and a total of 100 readings for each tap. 

Execution of a pressure data run involved a number 
of steps which required careful attention. Prior to the 
initiation of a run, the ice-bath reference was readied 
and the thermocouple junction measuring the air tem- 
perature entering the apparatus was connected. Next, 
the blower(s) were activated for a warm-up period. 
During this period, the initial value of the barometric 
pressure was recorded, and the rotameters were set to 
the approximate desired setting. Next, depending on 
the run Reynolds number, the appropriate pressure 
sensor (1, 10, or 100 Torr) was chosen. At this point, 
the’ rotameters were checked and a final valve adjust- 
ment was made to ensure that the desired airflow rate 
was obtained. 



586 M. M. OHhot ef al. 

rotameter, the pressures at the rotameter and in the 
ambient, and the air temperature. Averaged values of 
these readings were used to calculate the mass tlow 
rate of the air and the Reynolds number for the indi- 
vidual run. 

3. DATA REDUCllON 

The measured pressure distribution results will be 
presented in terms of a dimensionless pressure co- 
efficient, defined as 

pm - p.r 
K, = ~ 

W2 

where P, is the pressure in the laboratory ambient 
from which air is drawn, P,r the pressure at the axial 
location X, and jpU* the velocity head. The pressure 
coefficient Kp will be plotted as a function of the 
dimensionless axial coordinate X/D for parametric 
values of the tube Reynolds number Re evaluated 
from 

Re = clk/pxD (2) 

where i is the mass flow rate. 
To facilitate comparison of the results with data 

available in the literature, a friction factor was defined 
as 

f = (-dP/dX)D/(:pU*) = dK,/d(X/D). (3) 

The quantity dKJd(X/D) is the slope of the least- 
squares straight line which passes through the linear 
portion (fully developed portion) of the KP vs X/r> 
plot. The experimental friction factors were compared 
with those of the Blasius correlation 

0.3164 
fe = - Re0.H (4) 

and with those of the universal friction factor 

2 log,, (Re,/f,)-0.8. (5) 

To estimate the un~e~ainty levels in the exper- 
imentally determined pressure coefficients, the method 
proposed by Kfine and McClintock [71 was used, 
the implementation of which is described in ref. [2]. 

To facilitate a unified presentation of friction factor 
results in which common values of the Reynolds num- 
ber are used for both the tube-fed and sharp-edged 
cases, a slight shift of the experimental data was per- 
formed. In particular, the shift was made in accord- 
ance with the relationf N Re-‘.*’ which follows from 
the Blasius equation. The shifts were generally less 
than I%, so that they did not affect either the quan- 
titative or qualitative significance of the results. 

4. RESULTS AND DISCUSStON 

4.1, No-bend friction factors 
The presentation of results will begin with the fric- 

tion factors corresponding to a straight tube in the 
absence of a bend. The experimentally determined 
friction factors for the no-bend case were evaluated 
from equation (3) and will be denoted by Jo (the 
subscript 0 indicates the 0 deg turn “angle). These 
results will be compared with the Blasius and universal 
friction factor correlations of equations (4) and (5) 
via the ratios Jo/f8 and fO/fu, respectively. 

The comparisons are presented in Table 1 as a 
function of the Reynolds number for the two inves- 
tigated inlet conditions, i.e. an inlet fed by a hydro- 
dynamic development tube or a sharp-edged inlet. 
Note that the indicated Reynolds numbers 5000, 
10 000,24 000, and 80 000 are round numbers and are 
common to the two inlet configurations. This was 
achieved by the slight shift described in the last para- 
graph of Section 3. 

As seen in Table 1, the present friction factors for 
the tube-fed case are in very good agreement with 
both the Blasius and universal values, with the largest 
deviations being in the 3% range. This level of agree- 
ment is especially significant when it is noted that 
both the Blasius and universal friction factor rep- 
resentations are, themselves, correlations of exper- 
imental data and not absolute laws. It is also note- 
worthy that the Klin~M~~nt~k un~r~inty esti- 
mate for the present friction factor data is about 
+2.8%, which is similar in magnitude to the devi- 
ations of the data from the literature correlations. 

Further inspection of the table indicates that the 
friction factors for the case of the sharp-edged inlet 
do not agree as well with the literature values as do 
those for the tube-fed inlet, although the deviations 
are still moderate. it is believed that the deviations are 
caused by heightened turbulence associated with the 
flow separation which occurs at the sharp-edged 
inlet. The effect appears to be greatest at the highest 
Reynolds number, where the region of flow separ- 
ation (i.e. the recirculation zone) is most vigorous, 
and at the lowest Reynolds number, where the inter- 
mittency of the turbulence may have been diminished 
or eliminated. 

Table 1. Comparison of no-bend friction factors with the 
literature 

Tube-fed Sharp-edged 

Re ~~~~- f ~~~~- f u&h&- cfom- I 
e D 0 (%I 

so00 2.1 2.7 6.2 
10000 0.7 3.2 :*: 5.4 
24000 -3.6 -1.1 -1:4 1.2 
80000 0.6 0.5 8.8 8.6 
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4.2. Pressure dMibutions corresponding to tube-fed 
inle! 

A graphical presentation of the axial pressure dis- 
tributions for the case of the tube-fed inlet is conveyed 
by Figs. 3-6. In each figure, the pressure at X, ex- 
pressed in dimensionless form as the pressure coeth- 
cient K, of equation (l), is plotted as a function of 
the dimensionless axial coordinate X/D. Each figure 
corresponds to a specitic nominal Reynolds number, 
Re = 5000, 10000, 24000, and 80000 for Figs. 3- 
6, respectively. For each of these nominal Reynolds 
numbers, pressure distributions are plotted for three 
bend turn angles, 0 (no bend), 90, and 180 deg. and 
the individual data sets are labeled according to the 
turn angle. The actual Reynolds numbers for each 
data set are indicated in the figures. 

10.2k a 

.@ 
6 

l * 
@ 9.6Sk 

In addition, the figures convey information on 
the circumferential pressure distributions. As noted 
earlier, data were collected at three circumferential 
locations, indicated as A, B, and C in Fig. 2, at the 
first seven axial stations (up to X/D = 16). The cir- 
cumferential data are identified according to locations 
A, B, and C by the symbols shown in the legend of 
each figure. At axial stations beyond X/D = 16, data 
were collected only at circumferential location B. 

In general, for all cases in Figs. 3-6, a linear vari- 
ation of Kp with X/D appears to have been attained 
beginning with X/D = 20 (although in some cases, 
notably the no-bend case, the linear regime sets in 
earlier). The straight lines passing through the data 
for X/D Z 20 are least-squares fits. 

Attention will first be turned to a consideration of 

FIG. 4. Pressure distributions in a straight tube downstream 
of a band fed by a hydrodynamic development section, 

FIG. 6. Pressure distributions in a straight tube downstream 

Re z 10000. 
of a band fed by a hydrodynamic development section, 

Re~80000. 
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circumferential pressure variations. For the no-bend 
case, especially in the presence of a tube-fed inlet, 
there is no reason to expect circumferential variations 
of the pressure. This expectation is confirmed by the 
information presented in Figs. 3-6 where, aside from 
normal scatter (including isolated deviations as large 
as 2.2%), the no-bend pressure data are circumferen- 
tially uniform. 

Of even greater significance is that the circum- 
ferential pressure data in the presence of the bend 
display about the same degree of uniformity as do the 
no-bend data. This finding indicates that the sub- 
stantial circumferential pressure variations which 
exist in a bend [8] dissipate almost immediately when 
the flow passes from the bend into a downstream- 
positioned straight tube. A similar behavior was en- 
countered in experiments reported in refs. [4,5] in 
connection with a bend and downstream duct of 
rectangular cross section. 

Notwithstanding the just-noted rapid dissipation 
of the bend’s circumferential pressure variation, the 
presence of the bend has a noticeable effect on the 
axial pressure distribution in the entrance region of 
the tube. As a benchmark, it may be noted that in the 
absence of the bend, the axial pressure distribution 
would be linear throughout the entire length of the 
tube as a consequence of the upstream-positioned 
hydrodynamic development section. Therefore, depar- 
tures from pressure linearity can be ascribed to the 
effect of the bend. 

At the lowest investigated Reynolds number 
(Re = SOOO), the axial pressure gradient in the 
entrance region of the tube is smaller than the fully 
developed pressure gradient for both of the with-bend 
cases presented in Fig. 3. This suggests a donation 
of momentum from the bend-induced circumferential 
flow to the axial flow. A diminished entrance-region 
pressure gradient is also encountered at Re = 10000 
at the largest turn angle (180 deg). 

For the with-bend cases, at higher Reynolds num- 
bers, the entrance region pressure gradient somewhat 
exceeds the fully developed gradient. This more con- 
ventional relationship between the gradients reflects 
the development of the pipe flow from the antecedent 
bend flow. The higher axial momentum associated 
with the higher Reynolds numbers trivializes possible 
contributions of momentum from the circumferential 
flow. 

The final feature of Figs. 3-6 to be considered is the 
fully developed friction factors, the values of which 
are equal to the slopes of the straight lines fitted 
through the K,, vs X/D distributions. In any given 
figure among Figs. 3-6, the slopes are nearly but not 
precisely equal. To better examine the differences 
among the friction factors, Table 2 has been prepared. 
In the table, the friction factors for the with-bend 
cases, denoted by fe, are compared with those for the 
no-bend case f0 for bend turn angles of 90 and 180 deg. 

The fe/fo listing in the left-hand portion of the table 
pertains to the tube-fed inlet. From the table, it is 

Table 2. Bend-related effects on friction factors 

Tube-fed Sharp-edged 

Re 0 = 90 deg 180 deg 90 deg 180 deg 

5000 - 1.4 -3.1 -3.5 -5.7 
10000 -2.1 1.6 -1.8 -3.2 
24000 -1.6 4.6 0.5 6.7 
80000 -0.8 6.1 6.2 8.6 

seen that the friction factors for a tube situated down- 
stream of a 90 deg bend are essentially the same as 
those for the no-bend case. In the presence of a 180 
deg bend, the friction factors show somewhat greater 
deviations from the no-bend values, but the extent 
of the deviations is still moderate, and they may be 
neglected for many practical purposes. It is, however, 
interesting to note that the fe/fo ratio for the 180 
deg turn angle increases with increasing Reynolds 
numbers. 

4.3. Pressure distributions corresponding to sharp- 
edged inlet 

The results for the pressure distributions cor- 
responding to the case of the sharp-edged inlet are 
presented in Figs. 7-10. These figures are the counter- 
parts of Figs. 3-6 and have the same format. As 
before, each figure corresponds to a specific Reynolds 
number in the range from about 5000 to about 80 000. 
In reviewing and illuminating the main features of 
Figs. 7-10, the same issues will be addressed as were 
discussed in connection with Figs. 3-6. 

The first issue to be considered is the possible pres- 
ence of circumferential pressure variations. For the 
no-bend case, flow separation occurs at the inlet of 
the tube due to the sharp-edged configuration. If the 
separation and subsequent reattachment are axisym- 

I.1 
0 10 20 x’yrl i-3 io 

FIG. 7. Pressure distributions in a straight tube downstream 
of a bend fed through a sharp-edged inlet, Re f 5000. 
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FIG. 8. Pressure distributions in a straight tuba downstream 
of a bend fed through a sharp-edged inlet, Re z 10000. 

metric, as should be the case for a geometrically 
axisymmetric apparatus, the pressure should be cir- 
~~e~ntially uniform. This expectation is con- 
vincingly confirmed by the pressure distributions for 
the case of the 0 deg bend in Figs. 7-10. In the presence 
of the 90 and 180 deg bends, the data indicate that, 
aside from random scatter, circumferential uniformity 
of the pressure continues to prevait. This finding cor- 
roborates a similar finding for the tube-fed case and, 
thereby, confirms the rapid dissipation of the bend’s 
circumferential pressure nonuniformity when the flow 
enters the tube. 

Attention is now turned to the effect of the bend on 
the axial pressure distribution in the entrance region 
of the tube and, to begin, it is appropriate to examine 
the no-bend results to establish a benchmark. As 
already noted, in the no-bend case, flow separation 
occurs at the sharp-edged inlet of the tube, and a recir- 

r 

Re 
24.2k 8 

l e e 

24.6k,, 

-! 

60 

FIG. 9. Pressure distributions in a straight tube downstream 
of a bend fed through a sharp-edged inlet, Re z 24000. 

L!a A 

0 0 
f c 

0 10 20 xi9, 40 SO 

FIG. 10. Pressure distributions in a straight tuba dowustream 
of a bend fad through a sharp-edged inlet, Re z 80000. 

culation bubble is situated adjacent to the tube wall 
just downstream of the inlet cross section. After the 
separated flow reattaches to the wall, there is a hydro- 
dynamic development which culminates in the attain- 
ment of the fully developed regime. 

At the lower Reynolds numbers, Re = 5000 and 
10000, no explicit imprint of the recirculation zone is 
evident in the pressure distribution (Figs. 7 and 8), 
suggesting that the recirculation zone has terminated 
upstream of the first measurement station in the tube. 
The entrance-region pressure gradient exceeds the 
fully developed gradient, reflecting the development 
of the flow. At the higher Reynolds numbers, Re = 
24000 and 80000, there is a local minimum in K’ 
{i.e. a local ma~mum in P,) at the second pressure 
tap (Figs. 9 and IO). This local minimum reflects the 
pressure recovery which occurs downstream of the 
uena contructa of the separated flow, as the flow 
expands to fill the cross section of the tube. A short 
development length occurs downstream of the re- 
attachment of the flow. 

With a bend in place, the flow separation and re- 
attachment occur at the inlet of the bend and not at the 
inlet of the tube. Therefore, none of the separation- 
related features in the axial pressure distributions for 
the no-bend case pertain when the bend is present. 
Instead, the entrance-region axial pressure distribu- 
tions for the with-bend cases in Figs. 7-10 display 
similar trends as those of Figs. 3-6. SpecificaUy, at the 
lower Reynolds numbers, the entrance-region pres- 
sure gradients are smaller than the fully developed 
pressure gradients, while at the higher Reynolds num- 
bers, the opposite (more conventional) relationship 
applies. These trends have already been discussed in 
connection with Figs. 3-6. 

The fully devetoped friction factors associated with 
Figs. 7-10 will now be considered. These friction fac- 
tors are displayed in the right-hand portion of Table 
2 via the fe/fo ratio, which compares the with-bend 
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and no-bend results. The listing indicates a common 
trend for both of the investigated turn angles, whereby 
fJfo increases with increasing Reynolds numbers. For 
the lower Re, fe -c fo, while for the higher Re, fe > fc. 
These results suggest that at lower Re, the increase in 

f. caused by the sharp-edged inlet does not occur for 
fo (because the tube is shielded from the inlet by the 
bend) and that the other bend-related effects on f. are 
small. At the higher Re, the bend-related increase in 
fe clearly exceeds the increase in f. due to the sharp- 
edged inlet. 

With respect to practical applications, it is inter- 
esting to examine fg/fB or fe/fu, since fs or fu would, 
in all likelihood, be used to obtain estimates for fs in 
the absence of other information. Such an exam- 
ination is facilitated by combining the results ofTables 
1 and 2 for the shaggy-inlet case in accordance 
with the identity fe/fs = ~~~f~)~~~f~) and similarly 
for fe/ f.. The largest deviations of f8 from fe or f. are 
about 18 and 15%, respectively for the 180 and 90 deg 
bends at Re = 80000. Therefore, for these cases, the 

fe or f, correlations should not be used. For the 180 
deg bend at Re = 24000, &fs = 1.05 and fe/Sy = 

1.08, which is at the threshold of practical significance. 
For the other cases, the deviations are negligible. 

5. CONCLUDING REMARKS 

The experiments described here are, seemingly, the 
first systematic study of the effect of a bend on the 
pressure distributions and friction factors in a straight 
tube situated downstream of a bend. The pressure 
distribution measurements were planned so as to show 
the extent of the circumferential variation in the initial 
portion of the tube and the axial development 
throughout the entire length of the tube. Three par- 
ameters were varied during the experiments. These 
included : (1) the tube Reynolds number, which 
ranged from about 5000 to about 80000, (2) the turn 
angle of the bend, for which rest&s are reported here 
for 0, 90, and 180 deg (with the 0 deg turn angle 
corresponding to no bend in place), and (3) the 800~ 
delivery configuration at the inlet of the bend, either 
a hydrodynamic development tube or a sharp-edged 
inlet. 

The experiments performed without a bend and 
with the tube fed by a hydrodynamic development 
section served to verify the apparatus, inst~en- 
tation, and operating procedure. The friction factors 
from these experiments were found to be in very 
good agreement with both the Blasius and universal 
friction factor correlations from the literature. The 
no-bend friction factors for the case of the sharp- 
edged inlet displayed moderate deviations from the 
literature correlations at certain Reynolds numbers, 

suggesting a somewhat heightened turbulence level 
due to the separation process which occurs at the inlet. 

The installation of circumferentially deployed pres- 
sure taps in the initial portion of the tube enabled 
examination of the possible propagation of the bend’s 
circumferential pressure variations into the tube. 

Aside from random data scatter, the pressure dis- 
tributions in the tube were circumferentially uniform, 
indicating the virtually immediate dissipation of the 
circumferential pressure variations as the flow passes 
from the bend into the tube. 

For all cases, either with or without a bend in place, 
a fully developed regime characterized by a length- 
wise-linear variation of the pressure was attained 
for X/D 3 20. With the bend in place and for the lower 
Reynolds numbers (5000 and IOOOO), the entrance- 
region pressure gradients were found to be smaller 
than the corresponding fully developed pressure gradi- 
ents. At higher Reynolds numbers, the opposite (more 
conventional) relationship between the entrance- 
region and fully developed gradients existed. 

The presence of a bend did not affect the fully 
developed friction factors for the tube-fed case for a 90 
deg bend angle. However, for all the other investigated 
cases, the ratio of the with-bend to the no-bend fric- 
tion factors increased with increasing Reynolds num- 
bers, with a maximum value of the ratio of about 1.09. 
Compared with the friction factors from the Blasius or 
the universal correlation, deviations of the measured 
with-bend friction factors as large as 18% were noted, 
specifically for the sharp-edged-inlet case and for the 
180 deg bend turn angle at Re = 80 000. 
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CARACTERISqQUES DE,PERTE DE CHARGE POUR UN ECOULEMENT 
TURBULENT DAN& UN l’UBE’R~iIGN& & SECTION CIRCULAIRE. EN 

AVAL DUN COUDE 

R6sun&-Des experiences sont faites pour quantifier les effets d’un coude sur les distortion de pression 
et de coefllcient de frottement dans un tube rectiligne situ5 en aval d’un coude. Des &tItats sent reportis 
pour des valeun parametriques du nombre de Reynolds (5880-80ooO), de l’anglc de coude (0,9B et 180”) 
et de configuration d’6coulemcnt a l’entr6e du coude (soit un Ocoulement hydrodynamique 6tabli soit une 
entr&e ii bord mince). L’angle de cintrage de 0” correspond i l’absence de coude, ce qui sert de &&ence 
pour les autres cas. On trouve que les variations circonf&entielles dc pression qui existent dans un coude 
se dissipent presque imm&liatement au-deli. Avec le coude en place, les gradients axiaux de pression dans 
la region d’ent& du tube sont pour les petits nombres de Reynolds plus faibles que lee gradients pleinement 
ktablis mais plus grands pour les nombres de Reynolds plus &v&s. Une variation de pression lintaire est 
obtenue dans tous Ies cas B une distance axiale de 20 diametres ou moins, a partir de l’entrie du tube. En 
comparaison du cas sans coude, les coefficients de frottement ne s’ecartent pas plus de 9%, mais avec des 
deviations plus importantes (jusqu’a 18%) en comparaison des don&s de la litttrature pour le tube 

rectiligne. 

DRUCKABFALL BEI TURBULE~ER STR~M~G IN EINEM KREISF~RMIGEN 
GERADEN ROHR HINTER EINEM ROHRKRUMMER 

Zusammenf~Der EinlluB eines Rohrkrilmmers auf die Druckverteilung und den Reibungsbeiwert 
in einem stromabwiirts anschlieBenden geraden Rohrstilck wird experimentell untersucht. Es werden 
Ergebnisse f-r verschiedenc Reynolds-Zahlen (5008 bis 80000), Krilmmungswinkel (OaJ, 90”, 18w) sowie 
unterschiedlich aussefuhrten Str5mungseinlaB am Krfimmer dargesteilt (hydrodynamisch entwickelte oder 
scharfkantige Z~tr~mung). Der K~rn~~nk~ O* entspricht dem Fall ohne Krtlmmer und wird als 
Vergleic~~ndla~ fur die anderen Versuche verwendet. Wit sich z&t, I&en sich die Druckunterschiede 
am Rohrumfang, die innerhalb der Krilmmung betriichtlich sind, schnell nach dem Einstrbmen in das 
gerade Rohrstilck auf. Bei vorbandenem Krllmmer sind die ax&m Druckgradienten in der Binlaufzone 
des Rohres bei niedrigen Reynolds-Zahlen 8eringer als die Druckgradienten der voll ausgebildeten 
Stromung, bei hohen Reynolds-Zahlen gr6l3er. In Liingsrichtung der Str6mung wird in allen F&Ben in 
Abstiinden von 20 oder wenigcr Rohrdurchmemer vom Rohreinla8 eine lineare Druckvcrteilung erreicht. 
Verglichen mit den Messungm ohne Kriimmer xeigen die Reibunssfaktoren der voll ausgebiideten 
Str~mun8 mit Kriimmer Abweichun~n unter 9%. Abw~hun~ der Messungen xu aus der Literatur 
entnommenen ~~hnun~gleichun~n fur Strivmungen in geraden Rohren steigen jedoch hier bis zu 18%. 

TIEPEW &4BJIEHMII IIPH TYPBYJIEHTHOM TExIEHHH HA IIPXMOM YHACRCE 
KPYI-JIOH TPYBbI 3A IiBI-HBOM 


